Mixtures of ionic liquids (ILs) have attracted our attention because of their extraordinary performances in extraction technologies and in absorbing large amount of CO 2 gas. It has been observed that when two or more ILs are mixed in different proportions, a new solvent is obtained which is much better than that of each component of ILs from which the mixture is obtained. Within a mixture of ILs, several unidentified interactions occur among several ions which give rise to unique solvent properties to the mixture. Herein, in this review, we have highlighted the utilization of the advantageous properties of the IL mixtures in protein stability studies. This approach is exceptional and opens new directions to the use of ILs in biotechnology.
Introduction
Over the past years, ionic liquids (ILs) have been considered as novel biocompatible solvents for biotechnology. The ILs are composed of organic ions that have certain characteristics that hinder crystallization, and therefore, these salts are liquid near room temperature (Podgoršek et al. 2016 ). Due to this reason, they are also termed as room temperature ILs too. ILs are environmentally benign and chemically stable. Their physical properties can be easily tuned based on the experimental requirements. Interestingly, ILs have very low vapor pressure and hence are highly stable (Greaves and Drummond 2015; Smith et al. 2014 ). Very few of the literature reports that the ILs have very low freezing points in their purest state (Matsumoto et al. 2006; Kareem et al. 2010) .
Most of the ILs represented themselves as promising candidates for the proteins. An interesting aspect of the ILs is their self-buffering characteristics which have been recently explored in the literature. ILs offer high self-buffering capacity for the protein solutions in the physiological pH range (Taha et al. 2014; Gupta et al. 2016) . Overall, ILs can adjust themselves in any required experimental conditions starting from protein stability, its extraction, crystallization, aggregation control, and enzyme catalysis under non-native environment (Wu et al. 2014; Zhao 2016) . Additionally, it has been reported recently that some of the ILs can significantly reduce the viscosities of concentrated mAbs solutions (Weight et al. 2015) . Hence, the use of ILs is beneficial not only for controlling protein denaturation but also for reducing the viscosities of highly concentrated protein solutions in pharmacy.
To date, direct experiments using ILs have been performed in our laboratory (some of them are listed as references) on the stability in proteins against chemical-and temperatureinduced denaturation Bisht et al. 2016; Attri et al. 2014; Bisht et al. 2015; Kumar et al. 2015; Bisht and Venkatesu 2017; Jha et al. 2014; Kumar et al. 2014a, b) . Additionally, ILs also counteracted the pH-induced stability of proteins (Jha et al. 2017) . For the first time, we were successful in controlling the self-aggregation in insulin at pH 7 using biocompatible ILs (Kumar and Venkatesu 2013) . We would like to emphasize that we observed that a controlled amount of ILs can not only control the insulin self-aggregation but also stabilize its monomeric structure against thermal stresses (Kumar and Venkatesu 2013) .
As stated earlier, in the present situation, ILs have proven to be the novel solvents in protein-based studies. Using the unique tunable physical properties of the ILs, we can now fulfill the requirements of the enzymatic reactions in the non-aqueous medium (Bi et al. 2015; Park and Kazlauskas 2003) . ILs are now used for successful and selective recovery of proteins using aqueous biphasic mixtures (Desai et al. 2016; Lee et al. 2017) . Reports are available where clear crystals of proteins have been obtained in the presence of various ILs (Schröder 2017) . The most interesting aspect is that the crystals of proteins obtained using ILs were similar to those of the native forms.
There are several reviews available in the literature summarizing the unique effects of ILs on protein stability (Sivapragasam et al. 2016) . Accordingly, we have also reviewed the sustainable and biophysical properties of proteins in various families of the ILs on several occasions (Kumar et al. 2017; Kumar et al. 2016; Kumar et al. 2014a, b; Kumar and Venkatesu 2014; Kumar and Venkatesu 2012) . Therefore, in this highlight, we will not be focusing on the effect of an IL over proteins. We will try to expose the untouched area in the field of protein stability using ILs. However, in the upcoming section, we wish to briefly introduce the basic definition of ILs and their application and their properties of their mixtures in the field of protein stability.
A brief introduction to ionic liquids
Ionic liquids (ILs) are organic salts with positive and negative ions. ILs consist of organic nitrogen-containing heterocyclic cations and inorganic anions. Most of the ILs (but not all) have the melting temperature below~100°C. Excellent story of ILs has been explicitly elucidated in several elegant reviews (Wang et al. 2017; Lei 2017; Zhang et al. 2017) . Commonly available IL contains cations such as ammonium, phosphonium, sulfonium, guanidinium, pyridinium, imidazolium, and pyrrolidinium with counter anions such as chloride, bromide, t e t r a f l u o r o b o r a t e , h e x a f l u o r o p h o s p h a t e , trifluoromethanesulfonyl, bis(trifluoromethanesulfonyl) imide, dicyanamide, and alkylsulfate. ILs attracted synthetic chemists because of its large number of multi-functional properties. Due to the combination of various organic and inorganic ions in ILs, their bulk and interfacial behavior is complex that is governed by Coulombic, van der Waals, dipole-dipole, hydrogen-bonding, and solvophobic forces (Zahn et al. 2008; Gebbie et al. 2017; Daschakraborty and Biswas 2014; Hayes et al. 2013 ). On the other hand, they have negligible vapor pressure, high thermal stability, tunable viscosity, high conductivity, and heat capacity, and they are miscible with water and organic solvents. Several reviews and research articles are available that explain the advantageous properties of ILs that have been proven very useful in industries and biotechnology, also promoting the environmental safety protocols such as absorption of CO 2 (Ramdin et al. 2012; Lei et al. 2014; Zeng et al. 2017) . These ILs can be recovered easily and can recycle again and again retaining their physical and chemical integrity (Mai et al. 2014) . Moreover, because of the size and complexity of ILs, their interaction with the biomolecules such as proteins is dependent on their dispersion interactions, steric effects, and hydrogen bonding (Benedetto and Ballone 2016) .
Novel IL mixtures
As stated in the above sections, ILs have proven to be an important candidate to absorb harmful and toxic gases from the environment. In this context, CO 2 absorption is the most important as this gas is responsible to a major extent in disturbing our natural environment. It has been observed in the literature that the efficiency of absorbing CO 2 is increased dramatically in the presence of the ILs (Chen et al. 2016; Vijayraghavan et al. 2013; Bates et al. 2002) . The most interesting aspect is that when various ILs are mixed in defined proportions, they cancel their negative effects and only their advantageous characters are increased. For example, Wang et al. (Wang et al. 2018 ] of 0.4 had variation characteristics significantly different from those in mixtures with other mole fractions, which might be attributed to the large interaction between the two kinds of IL components and showed a positive effect on CO 2 absorption (Wang et al. 2018) .
Thus, mixtures of ILs hold the advantage of using existing synthetic procedures and having well-defined parameters. Further, mixture of ILs finds application as effective antibacterial agents by effectively disrupting the biomimetic membranes (Losada-Pérez et al. 2016) . Mixtures of ILs are used successfully in dissolving large amount of cellulose (4 0%), and the dissolved cellulose could be easily reconstituted from its solution in ionic liquid mixtures by addition of water (Stolarska et al. 2017) .
It has been predicted that in the mixture of ILs, various interactions interplay giving rise to complex solvent structures (Nakajima et al. 2017 ). The analysis of optical Kerr effect (OKE) spectra for mixtures of ILs by Quitevis and group (Xiao et al. 2006 (Xiao et al. , 2008 showed that in a mixture of ILs, as presented in Fig. 1 , the interactions between ILs in the mixture are governed by the intermolecular vibrational modes which added to the solvent structure and its intrinsic properties.
On the other hand, it has been illustrated that the additivity in the observed spectra is because of the reason the ions of the (Katoh et al. 2008) . It is evident that the mixtures of ILs are complex and the interactions occurring in the mixture is still unknown. However, we emphasize the readers to refer to Niedermeyer et al. (2012) that have summarized the available literature and several important information very elegantly in their review on the mixture of ILs.
A new approach to stabilize proteins in the mixture of ILs Based on the above description on the mixture of ILs, it seems that mixing of ILs together could potentially have a huge economical and scientific impact on the application of ILs in protein stability and refolding studies. However, considering the large amount of publications concerned with ILs, the number of publications specifically on the effect of mixtures of ILs on protein stability is rare or missing. Thus, the major aim of this review is to highlight the use of IL mixtures in the protein world. Recently, Xu et al. (2016) observed an increased biocatalysis in the mixture of ChCl/EG and C 4 MIM·PF 6 (choline chloride/ethylene glycol and 1-butyl-3-methylimidazolium hexafluorophosphate), and the mixture showed good biocompatibility with the cells.
However, the first step in this field of research has been presented by our group. We reported the direct interaction of the IL mixture on the stability of protein (Reddy et al. 2015 , it is noticeable that an increase in the tryptophan (Trp) fluorescence spectra of CT was observed. It should be pointed that the absolute value of I max was reduced to half with respect to that of the native CT because of the enhanced exposure of Trp residues to the bulk solvent. It is necessary to take into account that under denaturing conditions, the absolute intensity value was reduced to nearly half in the presence of , it is noticeable that the fluorescence spectra were clearly modified with enhancement of the I max values. This is an evidence that the protein again experiences the native-like environment in the mixture of ILs, which is reflected from the denaturation temperature (T m ) data presented in Fig. 2b .
The main mechanism due to which [Bmim] [Br] counteracts the denaturation action of [Bmim] [I] is still unexplored, and we are actively investigating it in detail in our laboratory. It is very interesting to find out the cause due to which a tenfold lower concentration of the [Bmim] [Br] counteracts 0.2 M of [Bmim] [I] action. We hypothesize based on the information available in the literature that this might be due to the internal interactions between ions of the [Bmim] [Br] and [Bmim] [I] in the aqueous mixture. It is possible that in a mixture, the negative ions get accumulated near the cation (since the cation is similar); thereby, the charges are decreased. In Fig. 1 Simplified structure between cations and anions in ionic liquid mixture. Adopted from ref. Xiao et al. 2006 . With permission from American Chemical Society
[Bmim] ILs, the charge is expected to delocalize over multiple atoms of a molecule and furthermore shows spatial anisotropy and asymmetry and allows directional interactions. Reports on the analysis of the [Bmim] [Cl] ion pair showed that the butyl chain can give rise to a number of different conformers with several different stable positions of the Cl around the cation (Fig. 3) Hunt and Gould 2006; Kossmann et al. 2006) . Moreover, as mentioned by Reddy et al. (2015) , both the anions (Br − and I − ) are of similar size; therefore, in the mixture of ILs with same cation and different but similar sized anions, because of charge dispersion throughout the imidazolium cation, the cation can be in contact with a number of anions. Hence, as indicated in Fig. 3 , the intermolecular modes of a cation are thus governed not by one anion, but by several of anions, not necessarily all equal. Thus, direct cation-anion contacts are formed that can be expected to exhibit localization of the anions around the cation, with in the mixture, possibly restricting the mobility of the anions to interact with the protein surface. Hence, due to this reason, we observed an increase in the Trp fluorescence in the mixture of The exact mechanism for the protective action of the mixture of two denaturant ILs for protein in a solution is still unclear. However, as it is undoubtedly seen from the literature, it is the rearrangement game between the ILs and water molecules around the protein surface that leads to protein stability. The support to our hypothesis is due to the use of computational methods by Xia et al. (2012) , where it was observed that when a mixture of urea and GdmHCl (guanidine hydrochloride) was used in lysozyme solution, the protein undergoes to a collapse state instead of unfolding. The authors stated that the collapse of the protein conformational ensembles was accompanied with decreased solubility and increase in nonnative self-interactions of hydrophobic residues in the urea/GdmCl mixture. According to the authors, this increase of non-native interactions resulted in protein's collapse transition from the fully denatured states. The authors also observed that during the protein collapse, GdmCl was absorbed onto the protein surface and at the same time, urea molecules accumulated near the protein surface, resulting in an enhanced Blocal crowding^for the protein near its first solvation shell (Xia et al. 2012) . These results improve our knowledge of the excellent properties of IL mixtures as stabilizers for the native conformation of protein, since IL mixtures are able to stabilize enzymes and are suitable as reaction media for enzymatic biotransformations of industrial interest.
Conclusion and future advantages of the mixture of ILs with respect to protein stability There are lots of possibilities, we see, on using mixture of ILs for protein stability and refolding studies. IL mixtures can be used in controlling protein aggregation. The mixtures can be used to create unique protein formulations which will be useful for pharmaceutical industry as well as academic purpose. Moreover, ILs have tunable physical properties and low freezing point; hence, their mixtures can be prepared wisely, in order to prevent the unfolding and aggregation of proteins in cold. Some of the properties that are unique and will overcome the drawbacks of aqueous medium containing proteins include as follows: (1) if suitably selected IL mixtures can possess self-buffering properties, hence, as mentioned above, drastic decrease in the pH of the protein system can be significantly controlled. (2) As having very low freezing point, hence, ice nucleation in the solutions of IL mixtures can be significantly reduced, thereby facilitating the spectroscopic investigations of the proteins. (3) IL mixtures containing ammonium and cholinium cations are highly biocompatible and non-toxic, and hence, their formulations with antibodies or other proteins will not pose any health hazard when subjected in vivo. (4) Catalytic activities of various proteins can be efficiently examined in the IL mixtures. A lot of experimental approach is required to explore and identify the hidden physical properties of the IL mixtures. This identification will help in making the mixture of ILs more suitable for protein stabilities. We strongly believe that this approach will facilitate us to find out a suitable universal solvent IL-based solvent system which is biocompatible and can be efficiently used to stabilize antibodies and proteins against denaturation and aggregation due to temperature changes (low/high), chemical effect, pH changes, etc.
